This application claims the benefit of the earlier filing date, under 35 U.S.C. 119, of commonly assigned provi sional patent application, Ser. No. 60/378,515 entitled "Angle-Independent Doppler System for Screening," filed on May 7, 2002.
FIELD OF INVENTION
The present invention relates to devices that utilize ultra Sound to determine the direction and Speed of a fluid flowing in a vessel, and more particularly to Doppler diagnostic medical Systems and methods for measuring blood flow.
BACKGROUND OF THE INVENTION
Doppler ultrasound measurements of flow, widely used for blood flow measurement in medical applications, and for the measurement of other Scattering fluids in industrial applications, depend upon the Doppler effect, whereby a Scatterer produces a change in the frequency of the ultra Sound that it Scatters. This change in frequency is propor tional to two unknown quantities: the absolute magnitude of the Velocity vector characterizing the motion of the Scatterer, and the angle between the Velocity vector and the insonating beam.
By Simultaneously making two Doppler measurements of a Velocity whose vector is coplanar with the transducer using two beams at known angles to each other, the resulting Doppler equations (each of which contains the unknown quantities of absolute value V and angle in the plane 0) can be Solved simultaneously to calculate the Velocity and angle to the transducer of that vector.
Determining three vector components of Velocity by means of multiple Doppler equations has also been discussed, for example, U.S. Pat. No. 5,738,097 issued to Beach et al, and as discussed in the referenced patents U.S. Pat. No. 5, 488, 953 and U.S. Pat. No. 5, 540, 230 operation. CW operation is often desirable for medical and Some industrial uses because CW operation does not require adjustment of a "sample gate' to define the Spatial region in which the Doppler system will measure the velocity. Instead, the region where the beams overlap define the "sensitive region'. Patent 081 describes how this sensitive region is determined for CW operation.
In application U.S. Ser. No. 10/164,446, by Vilkomerson, the inventor herein, which is incorporated herein by reference, a CW, angle-independent System that is orienta tion independent is taught. AS shown in FIG. 1 , taken from the referenced application, it utilizes three (or more) Doppler measurements arranged So that the measurements involve the three spatial components of velocity, i.e. V, V, and V.
Once the three components are determined, the absolute Velocity V can be calculated as equal to V(V-V,+V).
Using Such a transducer is particularly desirable when measuring blood flow under the Skin, where the orientation Shortcoming of present vector Doppler methods. This method works well when a Single Velocity vector is present, Such as when an artery or a vein is examined. However, there is an important medical application of Doppler use where more than one blood vessel is present: examining the carotid bifurcation for the presence of Significant Stenosis there. It has been shown that if plaque at this area reduces the diameter of the carotid artery to 40% or less (a "60%+ Stenosis), the risk of a serious stroke over 5 years rises to over 10%, and removing that plaque by means of an operation, a carotid endarterectomy, reduces the risk by over 50% ("Endarterectomy for asymptomatic carotid stenosis". Journal of AMA 273: 1995) . When such a stenosis is present, the area of the carotid is reduced to 0.16 of its normal area, and So the Velocity increases inversely propor tionally to the area; this increase of Velocity can be easily detected by the Doppler Signal that arises from the Stenosis. While Doppler has been shown to be very effective at finding these Stenoses (See, for example, Huston J., et al., However, the method of Vector Doppler, as described by Daigle, and others does not give accurate answers when applied to the carotid bifurcation. To understand why, we take a simple example: the "crossed-beam' system shown in When two velocity vectors are present in the sensitive region, as would be expected where the carotid bifurcates, the method described above fails. ASSume two equal Veloc ity vectors, of value 100 cm/sec being present, one Velocity vector along the X-axis, and a Second one along the y-axis, the X-axis pair of transducers will provide the proper Veloc ity for the X-vector, and the y-axis pair for the y-vector. When the Velocities are Squared, Summed, and Square rooted, however, the answer will be 141 cm/sec, i.e. the V2 times the true maximum velocity. The basic assumption of the conventional vector Doppler method, that the velocity can be found by finding the Spatial components and Vector Summing, does not hold for multiple Velocity vectors occur ring Simultaneously. These conventional vector Doppler methods cannot be used for the important medical need of carotid Screening, given the anatomy of the carotid bifurca tion and this shortcoming.
SUMMARY OF INVENTION
We describe here a new configuration of vector ultrasound Doppler with CW beams that has the important advantage of detecting the highest Velocity in its "sensitive Volume', even when multiple Velocities are present in the Sensitive Volume-a situation that causes the vector Doppler Systems previously disclosed to give incorrect results. The new configuration is particularly well Suited for Screening, i.e. Searching for high Velocities indicative of Stenoses, in the carotid bifurcation region (where the anatomy of the bifur cation ensures the existence of multiple velocity vectors).
The new invention can utilize diffraction-grating trans ducers for the advantages described in pending application U.S. Ser. No. 10/116,446: their capability of changing the angle of the beam produced by a change in the driving frequency, or by changing the phase relation among the Sub-grids of the diffraction-grating transducer, as described in the referenced patents. The new invention can also use physically angled transducers emitting beams at perpendicu lar angle to its face, as shown in FIG.3 . The descriptions that follow will show the physically-angled conventional trans ducers for ease of discussion; however, the diffraction grating transducer can be understood to provide a Superior alternative to the conventional transducer in the discussion of the invention that follows. Referring now to FIG. 3 , we see one version of the new configuration consists of multiple pairs of transducers arrayed Symmetrically around a central transmitter. We can think of each of the four pairs, i.e. referring to the numbered transducers as pairs 1 through 5, 2 through 6, 3 through 7 and 4 through 8, as defining a set of four "sensitive axes". These axes are at 45 to each other.
We can now take Doppler measurements, i.e. record the frequency shift ("Doppler shift") in the ultrasound backscat tered by the blood caused by its velocity. As explained in the previously referenced materials, and is well-known to those skilled in the art, the Doppler shift is equal to the dot product of the Velocity vector and the transmit beam vector, plus the dot product of the Velocity vector and the receive beam, leading to the Doppler frequency shifts shown in FIG. 2 for that configuration. Here the central transducer, "9", trans mits downward, and the Doppler-shifted frequency is mea Sured on each receiving transducer. This can be done with the circuitry shown in FIG. 4 . As shown there, in the box labeled "Sig Proc' the signal from each is amplified and heterodyned with the transmitting Signal and a component of the same frequency but 90° phase; as is well-known, this produces the real and imaginary components of the Doppler shifted frequency known as the "I" and "O'" components. All 16 I & Q components can be measured by using a multi plexer ("MUX") to connect to each in turn at a rapid rate, with an A/D measuring the level of those, Signals. AS for example, using a 5 MHZ transmitting Signal, and a maxi mum velocity vector of 300 cm/sec, well above any normal velocity in the human body, Doppler shifts will be s 10 KHZ. Therefore, the I & Q components must be sampled at least double that rate, or every 50 uS. If the multiplexer can in FIG. 2 , the Sum and difference of the maximum Doppler frequencies from each pair on the four sensitive axes 1 through 5, 2 through 6, 3 through 7 and 4 through 8, are calculated. When the calculations are finished, the calculations will give results for a Single Velocity vector like those shown in FIG.5: all the V values will be the same (as a Z-axis component will affect all the beams) and the different Sensitive axis results will show one axis as higher than the others, which is the axis along which the Velocity vector is best aligned. It the Velocity vector happened to lie exactly between two Sensitive axes, there could be two maxima, with value compared to the true value of 1-coS 22.5, or 7.4%. Note that the sensitive axes at 45 to the one nearest the velocity vector show the cos 45 of the value of the true velocity, and the axis at 90 shows Zero (the velocity vector is assumed to lie directly on the 2 through 6 axis, So the 4 through 8 axis is perpendicular to the Velocity vector.
FIG. 6 is an example of the Same procedure when a second velocity, of value 0.9 of the first, is at 90 to it. In the conventional Doppler, the Velocity would be calculated as 1.35 (taking the Square root of the Sum of the Squares of the components). Here, the procedure is to take only the highest value, which is the correct 100 cm/sec.
There is one situation where this method can, give an incorrect result: if the Second Velocity vector is predomi nantly in the Z-axis, it will determine the V value, which as the total Velocity includes the Square root of the Sum of the Squares of the axis direction and V, can be incorrect. This is unlikely for two reasons. Firstly, by comparing the ratio of V to V over time, it will be clear that the V. component is not related to the V component, it being extremely improbable that the time behavior of two stenotic vessels (the kind that will have velocities high enough to be of interest in a Screening examination) will be the same.
Secondly, as shown in FIG. 7 , the range of relative velocities and angle between the two velocities that will cause Significant error is Small; note that only in the range above 50 and between 0.8 and 1.3 will the error ever exceed 25%. When the relative velocity is either much lower or much higher, the highest Velocity will be determined. Further, anatomically, Such a high angle between the two Velocity vectors at the bifurcation is rare.) Thus for the preferred embodiment, with n=8, the maxi mum error is 7.6%, for n=4, 29.3%, or for n=10, 4.9%. The preferred embodiment is preferred because the accuracy is Sufficient while the associated complexity of electronicS is reasonable, but other numbers of transducers can be used with the tradeoff of accuracy for complexity inherent in the discussion above.
It is also possible to use an odd number of receivers, e.g. nine, and examine the Doppler shifts on opposing transduc ers to determine the "sensitive axis' defined between one receiver on one side of the central transmitter and two receivers on the other, by finding which transducer has the maximally different Doppler frequency, a Synthetic Sensitive axis is determined and the Velocity determined therefrom. However, Such a configuration has no advantage over the Simpler to implement using even number of transducers.
Additionally, the transmitting transducer need not be in the center. AS discussed in pending application U.S. Ser. f=V2 cos a+cos(angle)+sin a Vis where angle, is the angle of the transducer being considered. Following the same polling of the Doppler shifts as with the other configuration, calculation will determine the axis along which the maximum velocity vector is present, but this configuration lacks the Symmetry and ease of calculation of the central transducer configurations, and So is not preferred unless there is a need for access through the center. There are other configurations available to those skilled in the art that are combinations and variations of those discussed herein.
This invention is directed specifically to the need for Screening, i.e. determining the highest Velocity vector pass ing through a Sensitive Volume. It avoids the errors that occur in conventional vector Doppler when multiple Veloc ity vectors in the plane cause the usual vector Doppler procedure of assuming the components of the Velocity vector can be measured and then Summed via the Square root of the Sum of the Squares to give erroneous results. This invention results in a vector Doppler configuration that can be used for Screening, in particular for the carotidbifurcation in which multiple Velocity vectors are to be expected. 3. The apparatus according to claim 2 wherein each transducer is a diffraction grated transducer.
4. The apparatus according to claim 2 wherein Said central area is an octagonal shape with a transducer positioned relatively central and extending radial from each Side, with a pair of transducers defined by Said transducers extending from opposite Sides thereby forming a transducer pair, each pair on a separate axis Separated from adjacent axes by 45 degrees.
5. The apparatus according to claim 2 wherein Said central area is a Symmetrical geometrical area Such as a circle, hexagon, decagon and So on.
6. The apparatus according to claim 1 wherein Said fluid flow area is located at the bifurcation of the carotid artery of a mammal. 12. The apparatus according to claim 10 wherein Said central region is of a Symmetrical geometric shape as a circle, hexagon, decagon and So on. 
